As the precision and production capabilities of modern machines and factories increase, our expectations of them rise commensurately. Facility designers and engineers find themselves increasingly involved with measurement needs and design tolerances that were almost unthinkable a few years ago. An area of expertise that demonstrates this very clearly is the field of vibration measurement and control. Magnetic Resonance Imaging, Semiconductor manufacturing, micro-machining, surgical microscopes -These are just a few examples of equipment or techniques that need an extremely stable vibration environment. The challenge to architects, engineers and contractors is to provide that level of stability without undue cost or sacrificing the aesthetics and practicality of a structure. In addition, many facilities have run out of expansion room, so the design is often hampered by the need to reuse all or part of an existing structure, or to site vibration-sensitive equipment close to an existing vibration source. High resolution measurements and nondestructive testing techniques have proven to be invaluable additions to the engineer's toolbox in meeting these challenges. The author summarizes developments in this field over the last fifteen years or so, and lists some common errors of design and construction that can cost a lot of money in retrofit if missed, but can easily be avoided with a little foresight, an appropriate testing program and a carefully thought out checklist.
INTRODUCTION
Production machinery, like so many other areas of technology, has seen some substantial and rapid changes in the last few years as a result of technological improvements driven, in part, by increased consumer demand, and in part by a need to improve quality or cost effectiveness. Owners of high-cost older machinery, such as paper mills and printing presses often find the only way to increase output is to increase machine speed. In other cases, production line output is increased by adding a machine or two. Both situations can give rise to some costly surprises when unexpected vibrations degrade product quality by making the machines unstable, or the area unpleasant to work in.
Similarly, as the precision and production capabilities of modern machines are increased, our expectations of them also rise, and industrial facility designers and engineers find themselves increasingly involved with measurement needs and design tolerances that were almost unthinkable a few years ago. This phenomenon is not limited to industry. Medical facilities and research labs are among others affected as the accuracy and sensitivity of instruments such as Magnetic Resonance Imaging (MRI) systems, and electron microscopes improve with each new generation of equipment. This paper summarizes some typical case histories that illustrate this, and lists some commonly encountered errors or omissions of design and/or construction that can easily be avoided with a little foresight and a carefully thought out checklist. If not discovered in the early stages of design or construction, these same errors can necessitate extensive and costly investigation and retrofit work to remedy the problem.
VIBRATION... WHERE DOES IT COME FROM?
When a perceptible vibration is reported, the people involved tend to attribute it to the most audible activity or equipment, but this is often not the culprit. When the phenomenon of resonance is encountered, it takes surprisingly little energy to make apparently massive structures move. Every structure or part of a structure has a natural or "resonant" frequency. The resonant frequency is the speed at which the structure will tend to vibrate back and forth as a result of an impact or similar stimulus. The resonant frequency of a guitar string is what determines the musical note that is produced when the string is plucked.
Most readers are probably familiar with images of "Galloping Gertie", the Tacoma Narrows bridge that shook itself to pieces in a comparatively moderate wind that just happened to stimulate the natural frequency of the bridge deck. Another well-known example is that soldiers marching in file across a bridge will deliberately break step to avoid stimulating a resonant response in the structure that could cause excessive movement or collapse. Yet the problems still occur. The Millennium footbridge over the River Thames in London, England, is a more recent example of a structure that happens to have a resonant frequency that is matched by the cadence of a person walking, and perfectly demonstrated a phenomenon that architects and designers often overlook -lock-step. When people walk, their weight is transferred from the left leg to the right leg and back again. This creates a small lateral force, as well as the obvious forward thrust. If the structure on which a person is walking responds to that lateral force even slightly, another person walking nearby subconsciously senses the motion and adjusts his or her gait to counter the effect. The net result is that everybody becomes synchronized, all walking in step with each other -lockstep. When enough people on the bridge began walking in step, the structure swayed so much that it alarmed the people on it.
The author's previous employers, the French Construction Industry Research Institute (CEBTP) near Paris, France, developed a small eccentric shaker device for structural investigations. A pair of eccentric 60 Ib. masses could be rotated with various phase differences between them, at variable speeds. The shaker was bolted to the structure, and rotation speed was slowly increased until the natural, or resonant, frequency of the structure was attained. In one notable instance, this shaker was able to make a 1000-foot tall apartment building sway more than three feet at the top floor once the resonant frequency was matched.
So it is with many vibration problems. Inadvertent stimulation of a structure at its resonant frequency can cause perceptible vibrations, even where relatively small forces or equipment are involved.
Noise problems often stem from similar sources. Noise is often the audible manifestation of vibration. Almost everyone who has flown in a twin-engine airplane has experienced that moment when the engine speeds were not quite synchronized, and the vibrations and sound waves from them are going in and out of phase with each other. The result is that unmistakable, often deafening, "whooom...whooom....whooom..." sound that seems to exert a physical pressure on the ears. This phenomenon is known as the "beat" frequency, and is typically much more noticeable than the original vibrations or soundwaves that contribute to it.
These same phenomena can occur within almost any structural system, whether it is a bridge or a building. Vibrations caused by passing vehicles, wind, mechanical equipment installed in or around the structure, or even activities in other buildings some distance away, may not be directly noticeable, but when they interact with the structure, and with each other, they can cause secondary vibrations that, even when they are not perceptible, or annoying enough to cause discomfort to occupants, can adversely affect the operation of sensitive equipment.
MEASURING TO "IMPOSSIBLE" LEVELS
Some vibration specifications in use today require measurement down to levels that were, until recently, considered impossible. The problems with measuring vibrations at very low levels include intrinsic or electrical "noise" in both the measurement equipment and in the transducers. Movement of the connecting cables can also create electrical noise, known as triboelectric noise.
One major manufacturer of medical imaging systems has released a specification for its latest MRI system that requires accelerations due to vibration to be less than 1 ug (0.000001 g, where g is gravity, or 9.806 meters/second 2 ) over the frequency range 0 to 7 Hz. Accurate measurement requires that the measurement equipment have a resolution that is one-tenth of the minimum quantity to be measured or better -in this case, one tenmillionth of gravity -and have an intrinsic noise level that is lower than the measurement resolution. Whilst it has been possible to make such accurate measurements for some time, the equipment involved was so bulky and costly that only large laboratories and government agencies could afford to own and operate it. Over the last 10 years or so, thanks largely to the rapid development of the micro-computer and low-noise electrical components, commercially-available equipment capable of such accuracy is very affordable and portable.
Transducer technology has evolved in a similar manner. The development of microelectronics has enabled manufacturers to incorporate signal conditioning and amplification devices into the transducer itself, while micro-machining has enabled the development of smaller transducer elements with higher sensitivity. For example, an economically priced accelerometer with a sensitivity of 10 volts/g now weighs only a few grams, whereas five years ago a similar device weighed more than a kilogram.
VIBRATION MITIGATION
There are a number of points that the designer can consider to reduce the likelihood of vibration problems in a new structure, and a number of steps that the engineer can take if vibration-related problems become evident.
Design Considerations
One of the most common vibration problems in occupied structures is caused by unexpected floor movement. To achieve maximum flexibility of use with minimum cost, buildings are being built with large column-to-column dimensions, and the minimum possible number of floor-to-floor elements such load-bearing partitions and shear walls. The floor bays spanning between columns are thus relatively flexible, since flexibility generally increases as column spacing increases. This increase in flexibility tends to make the floors more sensitive to vibrations caused by various sources, including occupant activity. Vibrations could be reduced by stiffening the floor with deeper beams, but this increases the cost.
Large-span, thin section floors tend to have lower natural frequencies, with larger displacements for a given stimulus, making induced vibrations more perceptible to human occupants. This problem can increase by more than an order of magnitude where vibrationsensitive equipment is involved. If large column spacing is important to the owner, but vibrations must be limited to very low amplitudes, then the designer and the engineer must be prepared to install mechanical or structural systems that increase the vibration damping capability of the floor slab. Professor Thomas Murray of Virginia Tech describes such systems in a series of seminars based on his paper "Floor Vibrations Due to Human Activities" (Murray et al 1997) .
Another common problem occurs where an existing concrete slab-on-grade floor is to be re-used. The designer often assumes that the slab is uniformly supported, and therefore uniformly stiff and has a high natural vibration damping capability. In reality, experience has shown that slabs on grade, particularly in buildings, are often very unevenly supported. Soil consolidation and settlement can leave sections of the slab "bridging" over shallow voids, and this can significantly change the behavior of the slab where vibrations are concerned. Similarly, where toppings or overlays have been placed, moisture, corrosion or thermal stresses can cause debonding or delamination of the upper surface.
Recent advances in nondestructive testing (NDT) have included the development of the Impulse Response test (Davis and Hertlein, 1987 ) and the Impact-Echo test (ACI, 1998). Both involve striking the surface and measuring the response, but each has different capabilities (Davis et al, 1996) . Impulse Response data shows how the slab behaves in response to a relatively lowfrequency excitation -typically a hammer impact that imparts energy over a frequency range of zero to about 5 kHz, and is used to measure slab support and identify deteriorated concrete. The Impact-Echo method measures the response to a much smaller impact at frequencies up to about 50 kHz. Impact-Echo can measure slab thickness and depth of a delamination or debonded overlay.
The data from both methods lends itself very readily to presentation in the form of a "contour map" of the slab surface, thus providing a very user-friendly graphic output.
The data from Impulse response testing and vibration measurements can also be used to fine-tune finite element models (FEM) as the structure takes shape. The first run of any finite element model requires a number of assumptions and estimates on the part of the person who constructs and runs the model. These assumptions and estimates introduce uncertainties that can be quite significant where complex structures or mechanical systems are concerned.
As the structure is being built, the dynamic stiffness and resonant frequencies of key elements can be measured, and used to refine the input data for the FEM, thus reducing the level of uncertainty and enabling the model to more closely emulate the realworld structure. The model can then be extended to predict the effects of the next stage of construction or any proposed structural modifications. This approach was recently used for a large hospital building in Milwaukee where it was necessary to build micro-surgical operating suites into a structure that needed to span an existing parking deck. The main span was 130 feet, which was achieved by designing a set of 30-foot deep trusses. The design was validated by FEM, and the construction was monitored by vibration tests which were used to fine-tune the FEM and predict the effect of mechanical equipment on the floor below the surgical suites. reducing the level of uncertainty and enabling the model to more closely emulate the realworld structure. The model can then be extended to predict the effects of the next stage of construction or any proposed structural modifications.
This approach was recently used for a large hospital building in Milwaukee where it was necessary to build micro-surgical operating suites into a structure that needed to span an existing parking deck. The main span was 130 feet, which was achieved by designing a set of 30-foot deep trusses. The design was validated by FEM, and the construction was monitored by vibration tests which were used to fine-tune the FEM and predict the effect of mechanical equipment on the floor below the surgical suites.
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Mechanical Problems
The problem of beat frequencies is often overlooked when designing mechanical equipment installations. Where two or more similar machines are to be installed, it is important to isolate them from each other and from the structure if beat frequencies are to be avoided. Ancillary equipment must be considered too.
A hospital in Mississippi installed three large diesel powered emergency generators. The motor/generator sets were carefully mounted on vibration isolation springs, but the large electric fans for the engine cooling systems were rigidly mounted on a concrete slabon-grade. When any one of the generators was run individually, vibrations were within acceptable limits for an adjacent MRI suite, but when any two or all three were running, a beat frequency developed between the cooling fans that increased the vibration level by more than six times, far exceeding the acceptable limits for the MRI. Figure 2 shows the vibrations from a single generator (the white trace) superimposed on the beat vibration caused when two generators are running (the black trace).
Another common cause of excessive vibrations is maintenance or retrofit of isolated equipment by someone who overlooks or is ignorant of the need for vibration isolation. At a hospital in the southeast an air-handler unit (AHU) had been originally installed in a small mechanical room on vibration isolation springs, and functioned unnoticed for years. Then suddenly a vibration problem was noted during preparations for the installation of an MRI.
Subsequent investigation revealed that the HVAC contractor had recently improved air quality by installing a high-efficiency (HEPA) filtration system. Unfortunately the filter 1214 E m e rg e n c y G e n e ra to r V ib ra tio n 
A hospital in Mississippi installed three large diesel powered emergency generators. The motor/generator sets were carefully mounted on vibration isolation springs, but the large electric fans for the engine cooling systems were rigidly mounted on a concrete slab-on-grade. When any one of the generators was run individually, vibrations were within acceptable limits for an adjacent MRI suite, but when any two or all three were running, a beat frequency developed between the cooling fans that increased the vibration level by more than six times, far exceeding the acceptable limits for the MRI. Figure 2 shows the vibrations from a single generator (the white trace) superimposed on the beat vibration caused when two generators are running (the black trace).
Subsequent investigation revealed that the HVAC contractor had recently improved air quality by installing a high-efficiency (HEPA) filtration system. Unfortunately the filter cabinet had been bolted directly to the AHU and was supported on rigid steel angles resting directly on the floor, thus bypassing the vibration isolation springs.
In a similar case in the northeast an HVAC technician cured a dripping chiller unit by installing a short section of copper tube to act as a condensate drain. Unfortunately he bolted one end of the tube to the chiller and the other end to a rigid bracket attached to the floor, thus again bypassing the vibration isolation springs that supported the chiller.
CONCLUSION
It is now possible to design and build structures that provide a level of vibration stability that was considered impossible a few years ago, provided that the need for low vibration levels and/or high structural damping is borne in mind by all concerned from the beginning of the design stage to the completion of construction.
By taking advantage of relatively recent advances in measurement technology and computation power, dynamic measurements such as vibration and Impulse Response tests can provide useful input for the initial design, and continued input for design refinement during the construction process.
